In acute erythroleukemia, erythroid/myeloid subtype, blasts usually comprise 5-19% of total bone marrow cells, similar to the myelodysplastic syndrome subtype refractory anemia with excess blasts; recent studies have raised the question if acute erythroleukemia should be considered as a myelodysplastic syndrome subtype. We reviewed 77 de novo acute erythroleukemia and 279 de novo refractory anemia with excess blasts from three large medical centers. Compared to refractory anemia with excess blasts, acute erythroleukemia patients had higher total bone marrow blasts, lower platelets, hemoglobin, and absolute neutrophil counts, with more patients being assigned a very-poor-karyotype risk and very-high Revised International Prognostic Scoring System score. Induction chemotherapy was administered to 55% of acute erythroleukemia patients, but was not associated with longer overall survival compared to acute erythroleukemia patients treated with lower-intensity therapies or supportive care (P = 0.44). In multivariable analysis of all patients, Revised International Prognostic Scoring System very high (P o0.0001) or high (P = 0.005) risk, but not a diagnosis of acute erythroleukemia (P = 0.30), were independent risk factors for shorter overall survival. Our data show that acute erythroleukemia patients have similar risk-adjusted outcome to refractory anemia with excess blasts patients and do not appear to gain survival advantage with acute myeloid leukemia-type induction chemotherapy. These data suggest that acute erythroleukemia, erythroid/myeloid subtype with o 20% blasts may be more appropriately classified as refractory anemia with excess blasts rather than as an acute myeloid leukemia subtype.
In acute erythroleukemia, erythroid/myeloid subtype, blasts usually comprise 5-19% of total bone marrow cells, similar to the myelodysplastic syndrome subtype refractory anemia with excess blasts; recent studies have raised the question if acute erythroleukemia should be considered as a myelodysplastic syndrome subtype. We reviewed 77 de novo acute erythroleukemia and 279 de novo refractory anemia with excess blasts from three large medical centers. Compared to refractory anemia with excess blasts, acute erythroleukemia patients had higher total bone marrow blasts, lower platelets, hemoglobin, and absolute neutrophil counts, with more patients being assigned a very-poor-karyotype risk and very-high Revised International Prognostic Scoring System score. Induction chemotherapy was administered to 55% of acute erythroleukemia patients, but was not associated with longer overall survival compared to acute erythroleukemia patients treated with lower-intensity therapies or supportive care (P = 0.44). In multivariable analysis of all patients, Revised International Prognostic Scoring System very high (P o0.0001) or high (P = 0.005) risk, but not a diagnosis of acute erythroleukemia (P = 0.30), were independent risk factors for shorter overall survival. Our data show that acute erythroleukemia patients have similar risk-adjusted outcome to refractory anemia with excess blasts patients and do not appear to gain survival advantage with acute myeloid leukemia-type induction chemotherapy. These data suggest that acute erythroleukemia, erythroid/myeloid subtype with o 20% blasts may be more appropriately classified as refractory anemia with excess blasts rather than as an acute myeloid leukemia subtype. Modern Pathology (2016) 29, 1221-1231; doi:10.1038/modpathol.2016.118; published online 22 July 2016 Acute erythroleukemia, erythroid/myeloid subtype is a rare acute myeloid leukemia subtype in the 2008 World Health Organization Classification of myeloid neoplasms. 1 The criteria for acute erythroleukemia require the presence of ≥ 50% erythroid cells and ≥ 20% blasts of non-erythroid cells in bone marrow. In cases that meet this definition, bone marrow blasts typically range from 5 to 19% of total marrow cells, similar to the myelodysplastic syndrome subtype refractory anemia with excess blasts. Acute erythroleukemia was first named as a variant of acute myeloid leukemia by the French-American-British (FAB) classification in 1985, requiring myeloblasts ≥ 30% of the non-erythroids in cases with ≥ 50% bone marrow erythroid cells. 2 In the 2001 World Health Organization Classification of Myeloid Neoplasms, the minimum blast count for all types of acute myeloid leukemia was lowered from 30 to 20%. This change accordingly lowered the blast count defining acute erythroleukemia to 20% of the non-erythroid cells 1 and thus reclassified many myelodysplastic syndrome cases with a major erythroid component to the acute erythroleukemia category. The historical reason behind placing a myeloid neoplasm with o 20% blasts under acute myeloid leukemia was the perception that the adverse features of acute erythroleukemia could not be properly captured by the absolute myeloblast percentage in the setting of the dominant erythroid component of this disease. 2 In enumerating the blast proportion of bone marrow cells (even when counting 500 cells), 3 minor differences in blast percentages may reclassify cases from myelodysplastic syndrome to acute myeloid leukemia; this uncertainty is magnified in cases with ≥ 50% erythroid cells, since the exclusion of erythroids produces a much smaller denominator for blast enumeration. While erythroid predominance (≥50% of bone marrow erythroids) is seen in about 15% of myelodysplastic syndrome cases, 4 in such cases the blast count is enumerated as a proportion of all nucleated bone marrow cells rather than just the non-erythroid component. About one-third of acute erythroleukemia cases evolve from an antecedent myelodysplastic syndrome, and a slight increase in blast count in erythroid-predominant myelodysplastic syndrome cases can lead to re-classification as acute erythroleukemia, which would be considered as disease progression even though this small difference may not be clinically meaningful 5, 6 . The diagnostic challenges with respect to acute erythroleukemia and refractory anemia with excess blasts were highlighted in a 2013 workshop hosted by the Society of Hematopathology: in many of the cases submitted to workshop, a definitive separation between acute erythroleukemia and refractory anemia with excess blasts was felt to be difficult by the submitters and the expert panel. 7 The diagnostic challenges in distinguishing acute erythroleukemia from refractory anemia with excess blasts and the therapeutic implications of a diagnosis of acute leukemia demand a better definition of acute erythroleukemia. Recent studies have suggested that acute erythroleukemia may be closer to myelodysplastic syndrome than to other subtypes of acute myeloid leukemia in terms of its genetic characteristics and clinical behavior. [8] [9] [10] However, many prior acute erythroleukemia series have included therapy-related myeloid neoplasms or cases known to have progressed from pre-existing myelodysplastic syndromes, which often show different molecular genetic characteristics and prognosis from their de novo counterparts. Until now, the features of de novo acute erythroleukemia have not been directly compared with de novo myelodysplastic syndrome with a similar absolute bone marrow blast percentage. While a diagnosis of acute myeloid leukemia is not a mandate to treat with induction chemotherapy, a pathologic diagnosis of an acute leukemia often prompts clinicians to act differently from a myelodysplastic syndrome diagnosis, which is usually not treated with up-front induction chemotherapy. The rarity of acute erythroleukemia precludes prospective randomized trials to evaluate response to acute myeloid leukemia vs myelodysplastic syndrometype therapies such as DNA hypomethylating agents, thus the optimal therapeutic approach to acute erythroleukemia is uncertain.
In this retrospective study, we collected the largest series of de novo acute erythroleukemia compiled to date and compared these cases to a large series of primary refractory anemia with excess blasts diagnosed and treated during the same time period at three large medical centers in the United States. We examined the clinical and genetic features of acute erythroleukemia in comparison to refractory anemia with excess blasts and tested if acute erythroleukemia patient risk could be accurately stratified by the Revised International Prognostic Scoring System scheme for myelodysplastic syndrome. We also compared treatment approaches of acute erythroleukemia to refractory anemia with excess blasts and assessed outcome of patients treated with different modalities. Our aim was to identify similarities and differences between the presenting features, treatment approach, and outcome of acute erythroleukemia in comparison to high-risk myelodysplastic syndrome.
Materials and methods

Patients
We reviewed pathology archives of three institutions (Massachusetts General Hospital, Brigham and Women's Hospital, and MD Anderson Cancer Center) for newly diagnosed cases of refractory anemia with excess blasts (including both refractory anemia with excess blasts-1 and -2 by the 2008 World Health Organization Classification criteria) or acute erythroleukemia (erythroid/myeloid subtype) in adults (age ≥ 18 years) between 1 January 2003 and 7 January 2014. Patients with a history of any antecedent myeloid neoplasm and known or suspected therapyrelated myeloid neoplasms were excluded. Cases were classified according to the 2008 World Health Organization Classification criteria, based on counts of aspirate smears or touch preparations of bone marrow, peripheral blood, and presence or absence of Auer rods, and were assigned to three groups: refractory anemia with excess blasts without erythroid predominance (MDS-typical group), fulfilling criteria for refractory anemia with excess blasts-1 or -2 and with o 50% bone marrow erythroid precursors; erythroid-predominant refractory anemia with excess blasts (MDS-erythroid group), fulfilling criteria for refractory anemia with excess blasts-1 or -2 and with ≥ 50% bone marrow erythroid precursors; and acute erythroleukemia (AEL group), fulfilling criteria for a diagnosis of acute erythroleukemia, erythroid-myeloid subtype (≥50% bone marrow erythroid precursors and myeloblasts comprising ≥ 20% of the non-erythroid bone marrow cells cells), but with blasts comprising o 20% of all bone marrow cells and peripheral blood leukocytes.
Clinical information at presentation and follow-up information, including treatment modalities and overall survival, were retrieved from the electronic medical records at each institution. As this study was retrospective, treatment decisions were based on the practice at each respective institution where the cases were diagnosed. Treatments were categorized as supportive care only (including growth factors, steroids, or hydroxyurea 11 ), low-intensity therapies other than hypomethylating agents (lenalidomide, low-dose cytarabine, and other cytotoxic or noncytotoxic investigational agents), hypomethylating agents (azacitidine and decitabine), induction therapy (standard induction therapy employing an anthracycline and cytarabine), and allogeneic stem cell transplant. This study was approved by the Institutional Review Boards of all participating institutions.
Pathology
Pathologic features recorded for each case included bone marrow cellularity, erythroid precursor count, and blast count. Blast count was based on counting 200 (peripheral blood) and 500 (bone marrow) cells, and expressed as a percentage of all cells and of nonerythroid cells in the bone marrow. Ring sideroblasts were counted on Perls-stained bone marrow aspirate smears and were expressed as the percentage of nucleated erythroid cells.
Cytogenetics and Molecular Genetic Studies
All cases with available karyotype were stratified according to the Comprehensive Cytogenetic Scoring System of the Revised International Prognostic Scoring System. 12 Genomic DNA was extracted from bone marrow unfractionated cells or from fresh frozen tissue/bone marrow aspirate. Testing for mutations including NPM1, JAK2, CEBPA, KIT, and FLT3 was performed in a subset of cases as part of the routine clinical workup in the laboratory. Additional studies to evaluate the mutation status of TP53, IDH1, IDH2, JAK2, NRAS, KRAS, and KIT were performed in cases with available freshly archived material by next generation sequencing methods using a customized TruSeq Amplicon Cancer Panel and a MiSeq sequencer (Illumina Inc, San Diego, CA) 13, 14 at MD Anderson Cancer Center and using the clinically validated Snapshot-NGS-V1 assay 15 and a MiSeq sequencer at Massachusetts General Hospital.
Statistical Analysis
Data in tables are expressed as medians (ranges) unless otherwise specified. Fisher's exact test and Mann-Whitney test were used to compare categorical and continuous variables between groups, respectively. Overall survival from diagnosis was estimated using the Kaplan and Meier method and the log-rank test was used to compare overall survival between groups. Multivariable subsequent to univariate Cox proportional hazards regression models were used to assess the impact of the patient groups, treatment modalities, and other risk factors on overall survival. A two-sided P-value of less than 0.05 was considered statistically significant.
Results
Patient Characteristics
A total of 77 cases of de novo acute erythroleukemia (AEL group) and 279 cases of de novo refractory anemia with excess blasts were identified. The latter group included 238 in the MDS-typical group (85%) and 41 in the MDS-erythroid group (15%). In all, 3/41 (7%) of the MDS-erythroid and 138/238 (58%) of the MDS-typical group were classified as refractory anemia with excess blasts-2, while the remainder were refractory anemia with excess blasts-1. The AEL group included one patient with 4% bone marrow blasts (and with blasts comprising 21% of the non-erythroids), the MDSerythroid group included four patients with 3-4% bone marrow blasts and ≥ 2% peripheral blood blasts, and the MDS-typical group included five patients with 0-4% bone marrow blasts and ≥ 2% peripheral blood blasts and one patient with 4% bone marrow blasts and Auer rods; in all other patients, blasts were 5-19% of the total bone marrow nucleated cells.
Patient characteristics, including age, sex, and peripheral blood and bone marrow features of all three groups, are shown in Table 1 . Compared to MDStypical patients, AEL patients had significantly lower peripheral blood counts and higher marrow cellularity and bone marrow and blood blast percentages (Table 1) : 67/77 (87%) of AEL patients compared to 124/238 (53%) MDS-typical patients had ≥ 10% BM blasts (Po0.0001). The Comprehensive Cytogenetic Scoring System karyotype risk and overall Revised International Prognostic Scoring System risk group distribution of the patient groups are shown in Figure 1 . A higher proportion of both AEL patients (P = 0.04) and MDS-erythroid (P = 0.02) patients had Comprehensive Cytogenetic Scoring System verypoor-risk karyotype compared to MDS-typical patients. AEL patients also had a significantly higher overall Revised International Prognostic Scoring System score (P = 0.003) and a significantly larger proportion of Revised International Prognostic Scoring System veryhigh-risk patients (P = 0.003) compared to MDS-typical patients. Although TP53 mutations were more frequently seen in AEL (33%) compared to MDS-typical (21%) or MDS-erythroid (22%) groups, these differences were not statistically significant. AEL had low incidences of FLT3 ITD and NPM1 mutations, which were not statistically significantly different from the similarly low incidences of these mutations seen in MDS-typical and MDS-erythroid groups (Table 1) .
Treatments
Treatments given to the different patient groups are shown in Table 2 . Among patients who did not receive stem cell transplant, AEL patients were significantly more likely to be treated with induction chemotherapy compared to MDS-typical patients despite their similar age (P = 0.01), and showed a trend toward lower likelihood of treatment with hypomethylating agents than MDS-typical patients (P = 0.07). As this was a retrospective study, we sought to analyze differences in the presenting features of AEL patients who received induction chemotherapy (with or without subsequent stem cell transplant) that might have influenced treatment choice. AEL patients treated with induction chemotherapy were significantly younger than those treated with lower-intensity therapies or supportive care (median age 62 vs 73 years, P o 0.0001) and had a trend toward higher peripheral blood blast count (P = 0.08) and higher Revised International Prognostic Scoring System score (P = 0.09); there was no significant association between bone marrow blasts (either as a proportion of all cells or of non-erythroid cells), blood counts, sex, institution where the patient was treated, or very-high-risk karyotype and the use of induction chemotherapy in AEL patients.
There were no significant differences in the proportions of AEL, MDS-erythroid, and MDStypical patients treated with stem cell transplant.
However, 23/26 (88%) AEL patients compared to 5/19 (26%) MDS-erythroid (Po0.0001) and 28/84 (33%) MDS-typical (Po0.0001) patients received induction chemotherapy prior to stem cell transplant. The median times between diagnosis and stem cell transplant were 6.4 months (range 2.0-15.1 months) for AEL patients, 5.6 months (range 2.6-35.0 months) for MDS-erythroid patients, and 5.3 months (range 1.0-73.1 months) for MDS-typical patients, which were not significantly different (P = 0.75).
Progression to Acute Myeloid Leukemia in MDS Patients
At the time of latest followup, 18/41 (44%) of MDSerythroid and 114/238 (48%) of MDS-typical patients had transformed to acute myeloid leukemia (Table 2) . Acute myeloid leukemia arising in MDS-erythroid patients was more likely to be of the acute erythroleukemia subtype compared to acute myeloid leukemia arising in MDS-typical patients (P = 0.02) ( Table 2 ). There was no statistically significant difference in the proportion of acute myeloid leukemia post-MDS-erythroid vs acute myeloid leukemia post-MDS-typical patients treated with induction chemotherapy (data not shown). There is a significantly larger proportion of very-poor-risk karyotypes in AEL (P = 0.04) and MDS-erythroid (P = 0.02) compared to MDS-typical, and a larger proportion of very high Revised International Prognostic Scoring System risk group patients in AEL (P = 0.003) compared to MDS-typical. Table 2 Treatments overall survival, with a trend of shorter survival for Revised International Prognostic Scoring System high risk (P = 0.06) (Figure 2b ). There was no significant difference in overall survival between low and intermediate Revised International Prognostic Scoring System risk categories (data not shown). Concerning treatment approach of all patients together, the overall survivals of patients treated with hypomethylating agents (median 18.3 months, P = 0.0002) and stem cell transplant (median 31.5 months, Po 0.0001) was significantly longer than patients receiving supportive care (median 6 months), but there was no significant difference in overall survivals of patients treated with induction chemotherapy (median 11.9 months, P = 0.20) or lowintensity agents other than hypomethylating agents (median 8.8 months, P = 0.67) compared to supportive care. In terms of treatment types given pre-stem cell transplant, there was no significant difference in overall survival of patients receiving supportive care or low-intensity agents other than hypomethylating agents (median 44.3 months), hypomethylating agents (median 32.5 months), or induction chemotherapy (median 26.1 months) (P = 0.43).
Among AEL patients only, the survival of patients with very-poor-risk karyotype (median 6.9 months) was significantly shorter than those with lower-risk karyotypes (median 22.8 months, Po 0.0001) (Figure 2c ). Patients with very high Revised International Prognostic Scoring System risk had a significantly shorter survival (median 10.5 months) than high (median 22.1 months, P = 0.02) or low-intermediate (median 19.6 months, P = 0.03) risk groups. There was no significant difference between survival of AEL patients with high (median 22.1 months) vs low-intermediate Revised International Prognostic Scoring System risk (median 19.6 months, P = 0.96) (Figure 2d ). There was no significant difference in the survival of AEL patients treated with induction chemotherapy compared to those treated with lower-intensity therapies or supportive care, whether including (P = 0.47, Figure 3a ) or excluding (P = 0.67, Figure 3b ) patients who subsequently received stem cell transplant. Almost all AEL patients receiving stem cell transplant had received prior induction chemotherapy (Table 2) , thus we could not compare outcome in patients receiving different types of pre-stem cell transplant therapy. However, the three AEL patients who underwent stem cell transplant after treatment with hypomethylating agents only remain alive at 30.5, 36.2, and 53.2 months after diagnosis. Given the differing treatment approaches between AEL and MDS, we compared overall survival of AEL with MDS patients within each treatment group. There were no significant differences of survival between AEL and MDS among patients treated with supportive care or low-intensity agents (excluding hypomethylating agents) only, hypomethylating agents, induction chemotherapy, or stem cell transplant, although there was a trend toward shorter survival in AEL patients receiving only supportive care/lowintensity agents (P = 0.08) (Figure 4) . Multivariable Cox regression analysis was performed on the entire patient cohort, including factors significant to the level of P o 0.25 in univariate analysis and the results are shown in Table 3 . In the final model, very high and high Revised International Prognostic Scoring System risk groups were associated with shorter overall survival, while treatment with induction, hypomethylating agents, and stem cell transplant were each associated with longer overall survival. AEL diagnosis did not emerge as a significant variable in this analysis (Table 3) .
Discussion
In this study, we performed a directed comparison of de novo acute erythroleukemia with primary refractory anemia with excess blasts that was further grouped by the presence or absence of erythroid predominance. We showed that although acute erythroleukemia was frequently associated with adverse cytogenetic abnormalities and TP53 mutation, these high-risk features were also common in refractory anemia with excess blasts. A diagnosis of acute erythroleukemia was associated with more frequent use of induction chemotherapy compared to refractory anemia with excess blasts, but induction chemotherapy did not appear to provide survival benefit for patients compared to lowerintensity therapies in retrospective analysis.
This study helps clarify a number of controversial issues that have surrounded acute erythroleukemia since the 2001 World Health Organization Classification redefined the disease as requiring 20% blasts among non-erythroid bone marrow cells. We showed that acute erythroleukemia bears many similarities to high-risk myelodysplastic syndrome. Clinically, most patients with acute erythroleukemia present with cytopenia(s) (often pancytopenia) rather than leukocytosis. As described in previous acute erythroleukemia studies, morphologic dysplasia is nearly ubiquitous in the erythroid lineage, ring sideroblasts are common, and dysplasia is also seen in megakaryocytes and granulocytes. 8, [16] [17] [18] The mutational profile of acute erythroleukemia, with common TP53 mutation (33%) and uncommon FLT3 (3%) and NPM1 (5%) mutations, is different from most other acute myeloid leukemia subtypes, 9, 10, 19 but similar to the distribution of these mutations in refractory anemia with excess blasts. The common cytogenetic abnormalities observed in acute erythroleukemia, such as -5/5q-and -7/7q-, are also frequent in de novo refractory anemia with excess blasts. However, we also observed some differences in acute erythroleukemia in comparison to patients with refractory anemia with excess blasts lacking erythroid predominance (MDS-typical): acute erythroleukemia patients presented with more severe cytopenias and had higher bone marrow and peripheral blood blasts and more frequent ring sideroblasts. Both acute erythroleukemia and refractory anemia with excess blasts and erythroid predominance (MDS-erythroid) demonstrated more frequent very-poor-risk cytogenetic abnormalities (including significantly more frequent -7/del7q in MDS-erythroid) compared to MDS-typical, which further confirms recent findings that erythroid-rich refractory anemia with excess blasts and acute erythroleukemia have a similar prognosis regardless of blast count and that karyotype risk assessment provides better prognostic stratification than blast count across the spectrum of erythroid-rich myeloid neoplasms. 4, 8, 17 The underlying biology of the marked erythroid proliferations in erythroid-rich refractory anemia with excess blasts and acute erythroleukemia is not well understood. As shown previously, it is not likely due to exogenous erythropoiesis stimulating agent administration 20 or endogenous erythropoietin production. 4 Specific mutations that may underlie erythroid proliferation in this setting have not been identified, and we did not find differences in the mutational profile between AEL, MDS-erythroid, and MDS-typical groups in the genes we tested. Acute erythroleukemia cases often had a very complex karyotype with chromosome 5 and 7 abnormalities and these cases were frequently associated with TP53 mutations. The combination of a very complex karyotype, TP53 mutation, and increased erythroid proliferation also characterizes pure erythroid leukemia 18, 21 and is frequently seen in therapy-related myelodysplastic syndrome, 8, 14, 22 both of which are high-grade myeloid neoplasms with an extremely poor prognosis. These findings raise the possibility that in high-risk acute erythroleukemia, complex genetic alterations may drive erythroid proliferation and severely impair myeloid maturation and differentiation, leading to clinical aggressiveness. On univariate analysis, there was a trend toward shorter overall survival of AEL patients compared to MDS-typical patients, but this did not reach statistical significance (P = 0.14). In multivariable analysis, acute erythroleukemia was not an independent risk factor when the Revised International Prognostic Scoring System score was included. AEL patients had a higher frequency of very-poor-risk karyotypes compared to MDS-typical patients and AEL patients with very-poor-risk karyotype had short survival (median overall survival of 6.9 months). Wells et al 23 also reported significantly shorter survival for acute erythroleukemia patients with higher-risk karyotypes compared to standard-risk cytogenetics. The 2012 Revised International Prognostic Scoring System scheme, unlike the original 1997 International Prognostic Scoring System, divides complex karyotypes into those with three (poor risk) or more than three (very poor risk) independent abnormalities. 12 The adverse cytogenetic characteristics of acute erythroleukemia were appropriately captured by the Revised International Prognostic Scoring System cytogenetic risk categorization. Interestingly, we found no significant difference in outcome in either the AEL group or in the entire cohort between karyotype risk groups other than very poor risk, underscoring the importance of the new very-poor-risk karyotype category in stratifying both acute erythroleukemia and refractory anemia with excess blasts. Using the Revised International Prognostic Scoring System, 24 more AEL group patients were assigned a very high total score compared to MDS-typical group patients. The very-high-risk AEL patients had a significantly shorter survival than other groups; we did not find a significant difference in survival between the low-intermediate and high-risk groups, which may have been due to a relatively small number of AEL patients in the low-intermediate risk groups.
We also showed that a much higher proportion of patients diagnosed with acute erythroleukemia received induction chemotherapy compared to refractory anemia with excess blasts. The European LeukemiaNet guidelines on primary myelodysplastic syndrome recommend reserving induction chemotherapy for fit myelodysplastic syndrome patients without a suitable donor who are younger than 65-70 years and have 10% or more bone marrow blasts, without adverse cytogenetic characteristics; only 10/77 of the acute erythroleukemia patients in our series (13%) would have met criteria for this guideline. The overall survival of acute erythroleukemia patients in our series was similar whether or not the patients received induction therapy, and when stratified by treatment modalities was similar to refractory anemia with excess blasts, with the exception of a borderline shorter overall survival in acute erythroleukemia patients treated with only supportive care or low-intensity therapies. These results, although derived from a retrospective study, are similar to the randomized phase III trial in high-risk myelodysplastic syndrome with up to 30% blasts 25, 26 that reported a survival benefit with azacitidine over conventional treatment. Grossmann et al also reported a poor outcome with acute erythroleukemia patients treated with standard induction chemotherapy regimens, with a median overall survival of 9.3 months for non-NPM1-mutated cases, but a much better outcome for patients with intermediate karyotype risk, particularly those with NPM1 mutation (16% of cases). 10 Although NPM1 mutation is currently not acute myeloid leukemiadefining, myeloid neoplasms with o20% blasts and NPM1 mutation appear to rapidly progress to acute myeloid leukemia 27 and such patients may benefit from induction chemotherapy. Given the few patients with NPM1 mutation in our patient cohort, we could not address this question in our study.
For pre-stem cell transplant cytoreduction, the majority of acute erythroleukemia patients (88%) received induction chemotherapy, compared to only 9% of refractory anemia with excess blasts patients who had not progressed to acute myeloid leukemia. Despite different pre-stem cell transplant cytoreduction regimens, acute erythroleukemia and refractory anemia with excess blasts patients treated with stem cell transplant had similar outcomes. Only three of our acute erythroleukemia patients received stem cell transplant without induction chemotherapy (all treated with hypomethylating agents), and all three patients are alive 30.5-53.2 months after diagnosis. Similar findings have been reported in myelodysplastic syndrome in that patients receiving prestem cell transplant hypomethylating agents vs induction chemotherapy showed a similar disease relapse rates, non-relapse mortality, event-free survival, and overall survival. 28, 29 In summary, our data show that compared to refractory anemia with excess blasts, patients with de novo acute erythroleukemia have a higher frequency of adverse cytogenetic abnormalities, more severe cytopenias at presentation, and are more frequently treated with intensive induction chemotherapy, but exhibit a similar clinical outcome across various therapeutic approaches. These data support the updated 4th edition World Health Organization Classification of Myeloid Neoplasms reclassification of acute erythroleukemia, erythroid/ myeloid subtype with o 20% blasts as refractory anemia with excess blasts rather than as a subtype of acute myeloid leukemia. 30 The biological factors that underlie the erythroid predominance and ineffective erythropoiesis in acute erythroleukemia and erythroid-rich refractory anemia with excess blasts compared to other acute myeloid leukemia and refractory anemia with excess blasts without erythroid predominance are unknown, but prognostic differences within acute erythroleukemia appear to be adequately captured by the Revised International Prognostic Scoring System scheme. Of note, as with all myeloid neoplasms with o 20% blasts, careful exclusion of genetically categorized entities such as acute myeloid leukemia with t(15;17), inv(16)/t(16;16), or t(8;21), t(9;11), or t(1;22) is required; however, such cases are exceedingly rare in erythroid-rich myeloid neoplasms, and none were present in our search of acute myeloid leukemia and myelodysplastic syndrome cases with 450% erythroids at three large institutions (data not shown). Our data, although retrospective, support a riskstratification and treatment approach to acute erythroleukemia that is similar to refractory anemia with excess blasts that is based on the standard risk factors used to evaluate myelodysplastic syndrome patients: blast percentage of all marrow cells, peripheral blood counts, and karyotype risk. The role of molecular genetic studies, particularly NPM1 mutation, in acute erythroleukemia risk stratification (as well as myelodysplastic syndromes in general) requires further study.
